The main purpose behind the use of energy piles is to enable the exploitation of geothermal energy for meeting the heating/cooling demands of buildings in an efficient and environment-friendly manner. However, the long-term performance of energy piles in different climatic conditions, along with their actual environmental impacts, has not been fully assessed. In this paper, the results of a finite element model taking into consideration the heating and cooling demands of a reference building, and the intermittent operation of a ground source heat pump, are revealed to examine the long-term performance of energy piles. Furthermore, a life cycle assessment model is implemented to compare the environmental performance of energy piles and a group of conventional piles. The environmental enhancement provided by the adoption of a ground source heat pump system is quantified with respect to a conventional heating and cooling system. The obtained results show that (i) the energy pile system can meet the majority of the heating/cooling demands, except during the peak demands, (ii) the geothermal operation results in temperature fluctuations within the energy piles and the soil, (iii) the use of energy piles results in a significant reduction in environmental impacts in the majority of the examined cases.
Introduction
Global energy requirements are expected to expand by 30% by 2040 as a result of global economy growth with an annual rate of 3.4%, a projected population increase of 1.6 billion, and inevitably increasing urbanisation [1] . Space heating and cooling is the world's largest energy sector, for instance, it accounts for 50% of the final energy consumption of Europe [2] . It was also responsible for 28% of global energy-related CO 2 emissions in 2017 [3] . Fossil-fuelbased and conventional electric equipment still dominate the global building market, which accounts for more than 80% of the heating equipment [4] . Moreover, owing to global warming, economic growth, and urbanisation, the use of energy for space cooling has more than tripled between 1990 and 2016 [5] . In this context, the development and diffusion of reliable, economically viable, and environment-friendly technologies for meeting a significant portion of the energy requirements of the building sector is an important challenge.
The energy pile concept is a technology that enables the use of renewable energy sources for efficient space heating and cooling. In this system, the piles that are already required for structural support are equipped with geothermal loops for performing heat exchange operations to exploit the near-surface geothermal energy. The idea behind the energy geostructures comes from the fact that the temperature of the ground remains the same throughout the year after a certain depth (8e10 m). Therefore, with the integration of the geothermal loops and the heat carrier fluid circulating within them, the heat is extracted from the ground to heat the buildings during winter. Similarly, during summer, the extra heat is injected into the ground to cool them. In this system, ground source heat pumps (GSHP) are often required which work intermittently in order to adapt the temperature of the circulating fluid to meet the energy demands from the building side.
Given the great potential of energy piles for reducing the dependency on fossil fuels, various in situ tests were performed on this subject [6e12]. Moreover, several models or tools with varying complexity were developed for the analysis and design of energy piles [13e18] . Although the previous research has answered the majority of the fundamental questions on the mechanisms governing the thermo-mechanical behaviour of energy piles, in these studies the temperature changes have been imposed to the test piles instead of being natural consequences of an actual operation. In a few studies, the long-term behaviour of energy piles employed in real operations have been monitored [19e21] . Nevertheless, no experimental data has yet been published in order to perform a systematic comparison of the long-term performance of energy piles under different climatic conditions, i.e., energy piles being subjected to various heating and cooling demands. In addition, although the role of geotechnical engineering in sustainable development is being increasingly recognized [22] , there still exist uncertainties related to the actual environmental impact of these so-called green geostructures on their life cycle (LC), which is influenced by the material production, transportation, execution, use, and end of life (EOL) and greatly depends on the demand/ supply relationship between the upper structure and energy piles.
Considering the above-mentioned challenges, a 3D finite element model for a group of energy piles was developed which is capable of taking into consideration the real operating philosophy of a GSHP, i.e., intermittent operation. Moreover, the actual space heating and cooling demands of a reference office building from three cities in Europe (Seville, Spain; Rome, Italy; and Berlin, Germany) were employed in the model to represent three diverse climatic conditions (warm, mild, and cold, respectively). In this paper, the numerical model is first described in detail. The heating and cooling demands versus supply data, temperature of the heat carrier fluid as well as of the piles and the soil are then reported for the purpose of comparison. Next, a life cycle assessment (LCA) model is implemented to estimate the environmental impacts of the energy piles employed in the different cities. Finally, a comparison with a conventional heating and cooling system is presented in terms of human health, ecosystem quality, climate change, and resource depletion.
Material and methods
One of the main goals of this study is the assessment of the longterm performance of energy piles in different climatic conditions (i.e., different heating and cooling demands). To obtain a thorough comparison in this respect, the space heating and cooling demands for a reference building type at different climatic conditions should be employed as the input in numerical simulations. The ENTRANZE Project [23, 24] presents the necessary data for this purpose, where the heating and cooling energy demands for four different reference building types (single family house, apartment block, office building, and school) are systematically determined using the whole building energy simulation program, EnergyPlus. Among the reference buildings employed in the ENTRANZE Project, the reference office building was selected for the analysis presented in this paper. The reference building is a medium-size, five-story building with 3-m high floors. The net heated area of the building is 2400 m 2 . Each floor of the building is of the same size of 30 m Â 16 m, in length and width, respectively.
Within the ENTRANZE Project, 10 key cities, in other words ten climatic conditions, in Europe are reported to be selected for building energy simulations while considering the winter severity index (WSI), summer severity index (SSI), and climatic cooling potential (CCP) as indicators. From among the 10 cities, three were selected for the present study: Seville, Rome, and Berlin. These cities, in particular, were selected to represent three different climatic conditions and diverse space heating and cooling demands ( Fig. 1) . Seville, with a high SSI and low WSI, represents the case of a heat pump operation more on the cooling side. In contrast, Berlin represents a case with high heating and significantly low cooling demands. Furthermore, the heatingecooling demands in Rome lie between those of the two former cities with almost balanced space heating and cooling requirements.
3D finite element modelling of an energy pile group
A 3D time-dependent finite element model ( Fig. 2a ) was built using the COMSOL Multiphysics Software [25] to investigate the long-term performance of energy piles, thus allowing the intermittent operation of the heat pump. In other words, in the presented model, the heat pump operates until the daily heating/ cooling demand of the building is met, following which the operation is automatically terminated until the next day. The intermittent operation of the heat pump allows the temperatures of the pile and soil to recover to some extent during the stoppage times, which is also the case for the actual geothermal operations of energy piles. The heatingecooling demands presented in the previous section were employed in the model for this purpose. Although the employed mathematical formulation has proved to be adequate in modelling heat transfer in pipes and porous media regarding energy piles [11] , the enhancement of the model with GSHP remains to be corroborated with the experimental data becoming available.
With reference to the foundation of the reference building, 32 piles that were 0.5 m in diameter and 20 m in length were employed. The piles had a 4.75-m and 5.25-m centre-to-centre spacing in the x-and y-directions, corresponding to pile spacing ratios of 9.5 and 10.5, respectively ( Fig. 2b ). Each pile was equipped with a single U-loop pipe, with a central distance of 0.3 m between the entering and exiting pipes.
Regarding the discretization of the model, mesh independence analyses were performed and element quality was controlled systematically in order to avoid erroneous interpretation of the model results. The model comprises of extremely fine and extra fine meshes of 902,104 elements in total to characterize the soil (590,509 elements) and pile (311,595 elements) domains. Tetrahedral, triangular, linear and vertex elements were employed to describe the finite element model. Regarding the pipes, Pipe Flow Module of COMSOL Multiphysics Software was employed, which idealizes the 3D flow within pipes to edge elements. The mesh for the pipes were defined by 8075 edge elements.
Mathematical formulation
In the presented model, the heat transfer in the porous media module was employed for the pile and soil domains [25] . The soil domain was assumed to be isotropic and fully saturated with water. For both the soil and pile domains, equivalent thermal properties characterising the fluid and solid phases were assigned, and pure thermal conductivity was anticipated, which is governed by the following equation:
where r is the density, c and l are the specific heat capacity and thermal conductivity, respectively, including both fluid and solid components, T is the temperature, and div and grad are the divergence and gradient operators, respectively. With respect to the heat transfer in the pipes within the energy piles, the following equation was employed while considering an incompressible fluid in the pipes:
where r f , c f , and l f are the density, specific heat capacity, and thermal conductivity of the fluid, respectively; A p and d h are the cross-sectional area and hydraulic diameter of the pipe, respectively; T f is the temperature of the fluid; u f,i is the velocity vector; and f D is the Darcy friction factor. q' w represents the heat transfer through the unit length of the pipe wall and is governed by the following equation:
where r in and T out are the inner diameter and outer temperature of the pipe, respectively, and h eff is the effective heat transfer coefficient of the pipe, which is governed by the following equation:
where r out and l p are the outer diameter and thermal conductivity of the pipe, respectively, and h int is the convective heat transfer coefficient inside the pipe, which is obtained using the following equation:
The Nusselt number (Nu) is the ratio of the convective to conductive heat transfer across a boundary and is given by the below equation:
The Reynolds number (Re) is the ratio of the inertial forces to viscous forces (Equation (7)), and the Prandtl number (Pr) is the ratio of the momentum diffusivity to thermal diffusivity (Equation (8)).
Re ¼ Pr ¼
Finally, the Darcy friction angle can be obtained using a simplified Haaland Equation [26] for a low relative roughness, Colebrook Equation [27] , as shown below:
ffiffiffiffi ffi 1 f D s ¼ À 1:8log 10 6:9
Re (9)
Boundary and initial conditions
The Neumann boundary condition with no heat flux is assigned to the ground surface since in most energy pile applications, thermal insulation is ensured between the slab and the upper environment. On the other hand, prescribed temperature (Dirichlet) boundary condition is specified for the vertical sides and the bottom boundary. The size of the soil domain is taken large enough at distances where the heat exchange operations have no effect, in order to avoid any boundary effects. The average annual ground temperatures for three cities, which is determined by relating the air temperature to the ground temperature [28] , are assigned to the vertical sides and bottom boundaries, as well as to all the materials used in the model as the initial condition.
Material properties
In the presented model, the climatic conditions of the three cities were used to define the average ground temperature and also the heating and cooling demands from the building side. However, the soil conditions and material properties were the same for the three cities for the purpose of systematically comparing the longterm response of energy piles to three different energy demands. The soil domain in the model is assumed to be isotropic, fully saturated, medium dense sand. The pile domain is assumed to be reinforced concrete. The material properties for both the soil and pile domains are presented in Table 1 . Table 2presents the properties assigned to the pipes for which 1-inch, cross-linked polyethylene (PEX) pipe type was assumed. Regarding the water circulating within the pipes, temperature-dependent properties were assigned for the density, thermal conductivity and specific heat capacity determined by Ref. [29] .
Idealised heat pump
A 30-kW water-to-water heat pump is used in the analysis conducted for the three reference cities. To simulate the intermittent operation of the heat pump, indicator states are included in the model, which monitor whether the daily heating/cooling demand is fulfilled for each time step. Once the demand is fulfilled, the heat pump operation stops until the next day, but the water still continues to flow within the pipes, thus allowing thermal recovery.
A schematic of the GSHP system is presented in Fig. 3 to demonstrate the three main sections: primary circuit (between the ground and GSHP), GSHP and secondary circuit (between the GSHP and building), as well as the interaction between each section. In addition to the GSHP system, an auxiliary system (conventional boiler or chiller) is also taken into consideration, if the GSHP system is not competent in delivering the entire heating/cooling demand. The amount of energy supplied by the auxiliary system is particularly important in this study as it is essential to employ it in the LCA analysis.
The energy balance governing the building heating/cooling operation is shown below:
where Q prim is the energy supplied by the energy piles, W hp is the energy input for the operation of the heat pump, and Q aux is the energy to be supplied by an auxiliary system. The heating and cooling demands of the office building, which vary depending on the reference city and time, are introduced in the model ( Fig. 1 ) to represent the secondary circuit (Q sec ).
The inlet (T in,prim ) and outlet (T out, prim ) temperatures of the water circulating within the piles are not constant but vary depending on the heating/cooling demand of the secondary circuit, coefficient of performance (COP) of the heat pump, as well as the heat transfer within the pipes and porous media.
The maximum COP of a heat pump is characterised by the source (T out, prim ) and delivery (T in,sec ) temperatures [30] in Kelvin ( Fig. 3 ) while considering the reverse Carnot cycle for the heating (Eq. (10)) and cooling modes (Eq. (11)).
However, the Carnot COP represents the ideal reversible case, which cannot be achieved using a heat pump in practice. Therefore, the Carnot COP is multiplied by an efficiency factor to obtain the actual COP of the heat pump.
where h hp represents the efficiency factor and varies between 0.3 and 0.5 for small electric heat pumps and between 0.5 and 0.7 for efficient electric heat pumps [31] . Considering typical delivery temperatures for heating (45e90 C for radiators) and cooling (5e15 C for chilled water) operations, the possible COP values for a GSHP are presented in Fig. 4 , wherein the delivery temperatures for heating and cooling are fixed at 65 C and 5 C, respectively.
As expected, the efficiency of the heat pump increases as the temperature difference between the source and delivery temperature decreases and as the efficiency factor increases. For the present study, a designated efficiency factor of 0.5 is used for the heat pumps in the three reference cities. An algorithm has been employed in the model, which determines the COP depending on the source temperature (Eqs. (10) and (11)); this allows the COP to vary with time for the reference cities.
In the presented model, the primary circuit of the system is completely modelled in the performed numerical analyses while the contributions provided by the GSHP, secondary circuit, and auxiliary system are idealised as described above. The idealised modelling of the GSHP and secondary circuit allows to achieve the fraction of the heating/cooling demand to be supplied by the energy piles (Q prim ), while the portion of the energy that cannot be supplied by the GSHP system is assumed to be covered by the auxiliary system.
Life cycle assessment
The environmental performance of energy piles should be compared with that of a conventional heating and cooling system to demonstrate its benefits from an environmental point of view. In this study, the LCA methodology is adopted to evaluate the potential environmental impacts while taking into consideration the material extraction, transportation, execution, use, and disposal. The analyses are performed by implementing the LCA model in the software SimaPro 8.0.3 [32] .
The international standards ISO 14040, 2006 [33] and ISO14044 [34] describe the LCA methodology and the related analysis phases such as goal and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation, which are followed in this study. The goal and scope definition step includes the definition of the functional unit (measure of the function of the system), the reference flow (quantitative reference unit required to satisfy the functional unit), and the boundaries of the system. In this work, the functional unit has been defined as follows: "To fulfil the heating and cooling demands of an office building for one year". The considered design time spans of the building and the electric heating/cooling system were assumed to be 50 years and 20 years, respectively, and were accorded to the functional unit. The reference flow and system boundary are illustrated in Fig. 5 . Two scenarios were selected in the present work to satisfy the annual heating and cooling demand for the three reference cities. In the first case, the function of the deep foundation was only to transfer the mechanical loads to the subsoil while a gas boiler and air conditioner were selected to meet the heating and cooling demands. In contrast, in the second case, the coupling between a group of energy piles and a GSHP was considered.
The flows between the investigated system and the environment, in terms of input and output products, resources, wastes, and emissions, were identified during the LCI. The input data of the LCI are reported in Tables 3 and 4 for the conventional system and energy piles, respectively. The amount of materials was obtained following the geotechnical design of the group of piles [35] . The transportation distance was hypothesised as 50 km while the drilling time was obtained in consultation with a specialised company. With respect to the use phase, the amount of energy required in terms of natural gas or electricity was obtained while considering the available heating and cooling demands and the results of the finite element analysis simulation reported in Subsection 3.1. The latter allowed for the estimation of the geothermal energy that can be exploited by the thermal activation of the piles for the considered scenarios. According to the different heating and cooling demands and in situ temperature of the ground, the GSHP system behaves differently for each considered city, and therefore, the corresponding impact on the environment differs. With respect to the electricity supply, national flows were selected with respect to the three reference cities. The disposal scenario takes into consideration the recycling of all the involved materials, while assuming the recycling rates of the construction and demolition waste for the corresponding countries [36] . The last column of Tables 3 and 4 reports the selected environmental flow from the LCI database ecoinvent [37] .
During the LCIA phase, the inventoried flows contributing to a given environmental impact category were achieved, the results of which are presented in terms of two main types of indicators selected at two different levels of the impact pathway: midpoint (Appendix) and end points (Section 3). The midpoint indicators usually indicate a change in the environment caused by a human intervention, while endpoint or damage indicators assess damages to (in the majority of cases) three areas of protection, i.e., human health, ecosystem quality, and resources. The Impact 2002þ [38] method was selected for performing the LCIA for all the considered cases. The end point results are presented in terms of climate change (kgCO 2,eq ), human health (disability-adjusted life yeareDALY), resource depletion (MJ), and ecosystem quality (potentially disappeared fraction of species PDF•m 2 /year).
The results of the LCA are presented for the three reference cities mentioned above in order to investigate the influence of the heating or cooling demands (direct consequences of the respective local climate) on the environmental performance of the investigated systems. Due to the difference in heating and cooling demands among the reference cities, the outputs of the FEM differ for each case which consequently affects the environmental analysis of the examined cases. 
Results and discussion
Both the 3D finite element model (Section 2.1) and the LCA analysis (Section 2.2) were employed to reveal the long-term energy performance and environmental impacts of an energy pile project in three different cities (Seville, Rome, and Berlin). Fig. 6 shows the influence of the intermittent operation of the GSHP on the water temperature circulating within the pipes during the transition from heating-to-cooling and cooling-toheating operational modes. The example plot is given for Seville. The upper part of the figures shows the temperature of the water while the lower one shows the operation and stoppage periods within the same timeframe. The figure shows the decrease in the temperature of the circulating fluid with the operation of the heat pump during the heating mode, and the recovery (i.e., increase) of the temperature during the stoppage times, which is the contrary for the case of cooling. A temperature difference of 2e4 C between the operation and stoppage times can be observed in the figure. The same simulation principle was applied for Rome and Berlin wherein the model was employed for 1 year without interruption.
In this section, the results of the analyses for the three cities under consideration are presented in terms of (i) energy demand and supply, (ii) temperature change along the energy piles and the surrounding soil, and (iii) LCIA in terms of climate change, human health, resources, and ecosystem quality.
Energy demand and supply
The comparison of the monthly heating and cooling demands from the building side and the available output from the primary circuit are presented in Fig. 7 , along with the seasonal fluctuation of the heat carrier fluid. The demand/supply balance was checked iteratively at 30-min intervals for each day of the simulation, which resulted in a slightly higher supply as compared to the demand during some months if the demand was provided at a shorter time than 30 min. The comparison of the demand and supply shows that the majority of the heating and cooling demand in Seville was met by the GSHP, while an auxiliary cooling system was employed only for the month of July to cover the remaining 13% of the cooling demand (Fig. 7a) . Similar results were obtained for Rome (Fig. 7b) ; although the heating demand was higher than that of Seville, the GSHP was capable of realising the required supply, while an auxiliary cooling system was required for the peak cooling periods (i.e., months of July for 11% and August for 6%). In the case of Berlin, the heating and cooling demands, which are characterised by dominant heating and limited cooling, were quite diverse as compared to the former two. The requirement of an auxiliary heating system for the four months of November (14%), December (33%), January (38%), and February (32%), i.e., during winter, can be observed in Fig. 7 c, while the limited cooling demand was met entirely by the GSHP.
The initial temperatures of the involved elements (i.e., soil, piles, pipes, and heat carrier fluid), which were considered to be constant, were determined by relating the air temperatures to the ground temperatures, which corresponds to 19.2 C, 15.2 C, and 9.8 C for Seville, Rome, and Berlin, respectively. The initial conditions also involved the temperature of the fluid exiting the energy piles (T out, prim ) as being originally equal to the average ground temperature. Following the start of the geothermal operations, T out, prim showed an annual fluctuation, which was associated with the corresponding heating and cooling demands from the building side. The temperature decrease during the heating operation which was followed by a recovery and a temperature increase period are in agreement with the case studies presented by Brandl [19] .
Temperature fluctuations along energy piles and in the surrounding soil
As a result of their unique roles, the energy piles are exposed to daily and seasonal temperature variations during their lifetime. Temperatures in the pile and in the surrounding soil fluctuate during the day in between operation and stoppage times resulting in short-term temperature changes. Furthermore, there is a seasonal increase in temperatures after episodes of heat injection during summer followed by seasonal temperature reductions during heat extraction in winter.
These temperature changes may cause axial displacements, additional axial stresses, and changes in the shaft resistance, with a daily and seasonal cyclic nature, along their lengths. Moreover, geothermal operations characterised by excessive heat extraction may cause temperatures along the energy piles to decrease below zero, eventually resulting in the formation of ice lenses in the adjacent soil. To prevent the freezing and thawing of the soil during successive heating and cooling operations, which are associated with heave and settlement, a minimum temperature of 2 C on the shaft of the energy piles is recommended [19] . Finally, a change in the in situ temperature of the ground in the long-term due to geothermal operation of the energy piles should be prevented as it may have a significant impact on the efficiency of the GSHP system. Therefore, the appropriate prediction and monitoring of the temperature fluctuations along the energy piles and surrounding soil is of paramount importance.
To investigate this phenomenon, the temperature evolution along the centre pile and that in the surrounding soil during the geothermal operation in the three cities are presented in Fig. 8 . The maximum temperature decrease and increase due to heat extraction and injection, respectively, and the residual temperature change along the energy pile after 1 year of geothermal operation are specified in the figure. The temperature variations with respect to the in situ temperature of the piles are within the typical range (±15e20 C) for operating energy piles [39] .
The comparison of the temperature variations along the energy pile and surrounding soil ( Fig. 8 ) reveals that the soil closer to the energy pile (at a 1-m distance) exhibits a rapid response to the geothermal operation with higher temperature variations, which lags behind and decreases in magnitude at a greater distance (2.4 m) from the piles. Moreover, the soil at a 2.4-m distance, which is equidistant from the two rows of energy piles, experiences temperature variations as well, although very limited, which evidences the thermal interactions between the neighbouring piles.
Considering the ground temperature variation during the geothermal operation of the energy piles, three types of thermal responses are observed in Fig. 8 : (i) long-term temperature increase in the case of Seville due to cooling-dominant geothermal operation, (ii) thermal balance in the case of Rome, and (iii) long-term temperature decrease in the case of Berlin due to heatingdominant geothermal operation. Influences on the in situ temperature of the ground in the long-term should be avoided during geothermal operations, which significantly depends on the balance of the heating and cooling demands from the building side, as well as the ground water flow corresponding to the natural thermal recharge of the soil, which was not taken into consideration in the present study. In the case of low permeability, the balance between heat injection and extraction should be ensured for the long-term thermal equilibrium of the ground temperature. In contrast, in the case of soils characterised by high permeability, with a ground water flow greater than 0.5 m/day, the ground temperature equilibrium may be ensured by the groundwater flow, after unbalanced heating-cooling operations [40] . Therefore, a special thermal design for the specific GSHP operations is of paramount importance for taking into consideration the space heating/cooling needs and hydrogeological ground conditions, in order to ensure that despite seasonal fluctuations, the in situ ground temperature remains the same in the long-term.
Life cycle impact assessment
The results reported in Section 3.1 in combination with the available data from the ENTRANZE Project were used for the LCI of the two systems (i.e., conventional piles and energy piles) for the three reference scenarios (Section 2.2).
The first remarkable outcome of the LCIA is the confirmation that the heating and cooling (use phase) are the main contributors to the climate change impact with respect to the other life cycle stages (material production, transportation, execution, and end of life). Considering a conventional pile foundation and a conventional heating and cooling system, Fig. 9 shows that the use phase contributes up to 98% of the total climate change impact while the residual 2% is represented by the other steps of the geostructure LC (e.g., material production, transportation, execution, and end of life). These results clearly identify the LC phase wherein it is potentially possible to reduce the impact on the environment. The energy piles, exploiting the geothermal energy in principle and can aid in reducing the impacts of the use phase. Nevertheless, there are a number of key points that are required to be considered before arriving at this conclusion: additional materials (i.e., pipes, GSHP, and auxiliary system) and different energy sources are required to be introduced in the LC of the system while adopting the energy piles concept. Moreover, the environmental performance is highly dependent on the heating and cooling demands (i.e., the local climate), which consequently varies during the different periods of Fig. 10 . Indicators of the environmental performance of the conventional system and the energy piles for the three reference cities. Fig. 11 . Evolution of the environmental indicators of the conventional system and the energy piles during the reference year for the three reference cities. the year. Finally, the way the energy is produced to satisfy heating and cooling needs differs depending on the country under consideration. Therefore, despite introducing the same energy source in an LC model, it can result in different environmental impacts as the country under consideration changes. The outcomes of the LCIA are used in this study to examine these features. Fig. 10 shows the results of the LCIA in terms of the four "endpoint" indicators employed by the Impact2002 þ method, while the "midpoint" indicators are reported in the appendix, in Figs. A.1, A.2, and A.3 . It is directly noticeable that the environmental performance of both investigated systems strongly depends on the countries and the heating and cooling demands. For example, on only considering the conventional system, the indicators presented different scores for the three reference cities (e.g., for climate change: Seville 83358 kgCO 2eq , Rome 101457 kgCO 2eq , and Berlin 103700 kgCO 2eq ). Generally, the environmental analysis rewarded the energy piles that showed a considerable reduction of impacts.
With reference to the cities of Seville and Rome, the score of all the indicators was significantly in favour of the energy piles, which showed a reduction of 65% and 55% in terms of the equivalent CO 2 emissions, 61% and 64% in terms of human health, 64% and 60% in terms of resources depletion, and 57% and 42% in terms of ecosystem quality, respectively.
A lower reduction of the impacts was found in the case of Berlin: 13% in terms of climate change, 52% for human health, and 14% for resources depletion. The ecosystem quality was the only score in favour of the conventional system. Based on the midpoint indicators reported in the appendix, the ecosystem-related midpoint indicators in line with endpoint results for ecosystem quality are ionising radiation, land occupation, ozone layer depletion, terrestrial ecotoxicity, and mineral extraction. These results are explained by the high amount of auxiliary energy required to meet the heating demand in Berlin, which was not satisfied by exploiting only the geothermal source, and the consequential high electricity demand for the use of the energy pile system.
Moreover, the analysis of the midpoints reported in the appendix clearly illustrates why energy piles have a negative impact on the ozone layer depletion in each city. This is due to the presence of refrigerant in the infrastructure of the heat pump. Fig. 11 reports a detailed overview of the environmental indicators for all the considered scenarios. The results are reported for each month of the reference year. As was expected, the peak values of the indicators can be identified during winter for the case of Berlin and during summer for Seville and Rome. It is interesting to note that, on comparing the conventional system with the energy piles during the reference year, a reduction in the impacts during the heating periods was always noted, but during the cooling periods, the energy piles contributed significantly to reducing the score of the indicators. This means that the energy piles not only contributed to providing a clean energy source for the heating of the building but they were especially efficient from an environmental point of view during the cooling periods. This is a significant advantage for the energy piles over other technologies exploiting renewable energy, which mainly satisfy only the heating demand.
Conclusions
This paper presents the long-term performance of a group of energy piles in terms of meeting the heating and cooling demands of a reference office building in three different climatic conditions. For this purpose, a 3D finite element model was developed, which is capable of taking into consideration the intermittent operation of a GSHP, as well as the heating and cooling demands from the building side with a monthly varying nature. The results obtained on using the finite element model, in terms of meeting the heating and cooling demands from the building side, were employed to perform an LCA analysis.
With this study, finally a quantitative comparison of the environmental impact between a conventional heating and cooling system and energy piles has been presented in terms of climate change, resource consumption, human health, ecosystem quality. The comparison among three reference climate scenarios has provided clear evidences regarding the adoption of the energy pile system in the selected areas. With the use of energy piles, the LCA demonstrated a reduction in terms of equivalent CO 2 emissions, human health, resources depletion, and ecosystem quality for Seville and Rome, respectively, while the reduction was lower in the case of Berlin. The comparison of the conventional and GSHP systems showed that the energy piles yielded the highest reduction in indicators during the cooling periods, which is considered to be partially related to the higher coefficient of performance of the GSHP during summer months. According to this study, the energy pile technology, providing a clean energy source for both heating and cooling of the buildings, is more efficient from an environmental point of view compared to conventional systems. Moreover, their environmental performance has revealed to be especially satisfactory during the cooling periods, which is a significant advantage with respect to other renewable energy technologies satisfying solely the heating demand. 
